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Condensation of Ablated
First-Wall Materials in the
Cascade Inertial
Confinement Fusion
Reactor

Abstract

This report concerns problems involved in recondensing first-wall materials vapor-
ized by xrays and pellet debris in the Cascade inertial confinement fusion reactor. It
examines three proposed first-wall materials, beryllium oxide (BeO), silicon carbide (SiC),
and pyrolytic graphite (C), paying particular attention to the chemical equilibrium and
kinetics of the vaporized gases. The major results of this study are as follows.

Ceramic materials composed of diatomic molecules, such as BeO and SiC, exist as
highly dissociated species after vaporization. The low gas density precludes significant
recombination during times of interest (i.e., less than 0.1 s). The dissociated species (Be,
O, Si, and C) are, except for carbon, quite volatile and are thermodynamically stable as a
vapor under the high temperature and low density found in Cascade. These materials are

thus unsuitable as first-wall materials.

This difficulty is avoided with pyrolytic graphite. Since the condensation coefficient
of monatomic carbon vapor (~0.5) is greater than that of the polyatomic vapor (<0.1),
recondensation is assisted by the expected high degree of dissociation.

The proposed 10-layer granular carbon bed is sufficient to condense all the carbon
vapor before it penetrates to the BeO layer below. The effective condensation coefficient
of the porous bed is about 50% greater than that of a smooth wall.

An estimate of the mass flux leaving the chamber results in a condensation time for
a carbon first wall of about 30 to 50 ms. An experiment to investigate condensation in a

Cascade-like chamber is proposed.

1. Introduction

A critical consideration in the design of an
inertial confinement fusion (ICF) reactor is the
condensation time of the gaseous matarials vapor-
ized by the large amounts of energy released by
the fusion reactions and deposited in the form of
xrays and pellet debris. Economics dictates a
pulse rate of 1 to 10 Hz, and the pressure in the
chamber must be reduced to less than 107! to
10~* Torr (depending on the choice of driver)
within the interpulse time of 0.1 to 1 s.

In this paper I consider several effects, and in
particular, questions of chemical equilibrium and
kinetics, that may greatly reduce the cgndensation
rate. Rough estimates are made to ideiktify impor-
tant effects that should be included in future reac-

tor simulations. These estimates also show that
the choice of suitable first-wall materials is
limited. :
Although all the calculations described here
apply to the Cascade reactor (Fig. 1), similar con-
siderations are important in the design of any ICF
reactor. o

A complete description of the vaporization of
first-wall materials by the x rays released in each
fusion pulse renﬂuires a complex computer code. A
simulation' of the HYLIFE liquid-Hthium reactor
included the vaporization of the lithium by the
x rays, the subsequent/hydrodytiami¢s and radia-
tion transport, and theicondensation bf the cooled
gas. A similar description of the Cascade reactor is
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Figure 1. Sketch of the Cascade ICF reactor. The axisymmetric chamber rotates at 50 rpm. The
resulting centrifugal forces keep the granular materials against the wall, and an appropriate ordering
of densities keeps the various layers separate. The first-wall layer is a?pmximate.ly 1 cm thick; the
overall blanket thickness is 1 m. The current choice of blanket materials is shown in parentheses.
The blanket granules are injected at the ends of the chamber and are recovered, after several fusion
pulses, from the middle of the chamber and recycled to extract heat and tritium.

more complicated because of the complex chemis-
try of the vaporized ceramic materials used in the
first-wall layer. Several materials have been con-
sidered: beryllium oxide, (BeO), silicon carbide,
(5iC), and pyrolytic graphite (C). Despite the com-
plexity of the system, simple assumptions can be
used to deduce bounds on the condensation time,
and conclusions can be drawn as to the feasibility
of the various materials from a condensation
standpoint.

X-ray deposition profiles? indicate that about
1 kg of material is vaporized by the approximately
10%] of x-ray and pellet debris energy, and that
the total amount of material vaporized is insensi-
tive to the x-ray spectrum produced by the fusion
pulse. The vaporized material expands adiabati-
cally as it flows into the chamber. The gas is re-
compressed and heated as it converges on the
center of the chamber. A substantial portion of the
thermal energy is radiated to the first-wall layer,
ablating more material.

A strong shock wave then expands outwards,
losing strength as it does because of the diverging
geometry. For purposes of calculation, we regard
condensation as beginning when this shock wave
reaches the first-wall layer, typically less than
107%s after vaporization begins. Hydrodynamic
calculations on HYLIFE! and Cascade® indicate
that the density and temperature are roughly uni-
form throughout the chamber at this time, radia-
tion transport has essentially finished, and the de-
gree of ionization is low, at least near the first
wall. The temperature inside the chamber is be-
tween 0.5 and 1.0 eV. Substantial fluctuations in
density and temperature are caused by the shock
waves bouncing back and forth, but to a first ap-
proximation it can be assumed that the gas is sta-
tionary and at uniform density and temperature,
and that its total mass M, is equal to that initially
vaporized.

2. Kinetic Theory of Condensation

To estimate condensation rates, we assume
that the Cascade chamber is spherical, with radius
R, initial density p, = 3M,/47R> and temperature

T. The number of molecules per unit volume with
velocity in the range (v,v + dv) is nf(v;T)dv,
where n = p/m is the number density, m is the



molecular mass, and f(v;T) is the single-molecule
velocity distribution function. For a gas at equilib-
rium, f is a Maxwell-Boltzmann distribution,

. _ m 3/2 _ 2
flv;T) = (__Zn:kT) exp( mv /2kT),

where k is Boltzmann's constant. If we choose a
coordinate system in which v, is perpendicular to
the chamber wall and v, and v, are parallel to it,
then the flux of molecules onto the wall, i.e., the

number of molecules hitting unit area of the wall
in unit time, is

» = © kT \172
L dv, j_xdvz J_mdv3 nf(vyv, = n(m) . n

The simplest method of describing the con-
densation of a gas on a solid or liquid surface is by
means of the condensation coefficient B(T), de-
fined as the fraction of incoming molecules ab-
sorbed by the surface. We use v. to designate the
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Figure 2. Typical density profiles in Cascade during blowoff and the beginning of condensation.
The data are taken from a CONRAD run,’ described in the text. The ¢ = 0 curve shows the density
profile just after the initial vaporization. The material is mostly confined to the outer 20 cm of the
chamber. At £ = 2 x 10~ %s, the hot gas converges on the chamber axis and reaches the maximum

obtained in the simulation. At t = 5 x 10~ *s, the first outgoing shock reaches the outside of
ut 5% of the original

densiﬂy
the chamber. At this time most of the gas is at a uniform density, and only
mass has condensed. The arrow on the p axis indicates the uniform density p, assumed for the

dissociation equilibrium and kinetics calculations, at the beginning of condensation. Later, at ¢ =
1.2 x 10 3s, shock waves bouncing back 'and forth cause substantial variatioh in density, but the

uniform-density assumption is still useful. The arrows on the density profiles show the direction of

shock-wave propagation at the corresponding times.
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condensation velocity, i.e., the net outflow veloc-
ity at the surface, defined as

kT \1/2
O = ﬁ(an) g

this velocity is to be distinguished from the fluid
velocity at the wall, which is assumed to be zero.
In fact v_is a relatively small fraction (of the order
of 0.38) of the local sound speed (YkT/m)'?,
where y = c,/¢, = 5/3 for an ideal monatomic
gas.

If we ignore hydrodynamic effects, and as-
sume that the density remains uniform and the
temperature remains constant, then the rate at
which gas leaves the chamber by condensing onto
the solid is given by

M = —4nR%v,.

This leads to an exponential decay of the density
with time,

p(t) = p(0ye~"",

where the decay time 7 is given by

3v, kT )1/2
7! = =3 :
R ﬁ(anRz

The adequacy of this model can be tested by
comparing the predicted value of 7 with results
from a hydrodynamics-code run® in which spheri-
cal geometry was assumed and in which ioniza-
tion equilibrium and radiation transport were in-
cluded. The simulation modeled the blowoff of
condensed, superheated BeQO just after vaporiza-
tion, and its recondensation onto the wall. The gas

converges on the center of the chamber in about
2 x 107 %s, Shortly afterwards it reaches-approxi-
mately uniform density and temperature, al-
though the density varies by about an order of
magnitude as successive shocks bounce back and
forth. The density profiles at several times are
shown in Fig. 2. The decay of the average density,
and the predicted decay from the kinetic theory,
are shown in Fig. 3. The appropriate parameters
were m = 4 x 107%kg, R= 31m, and § = 1.
The temperature at the outside of the chamber
varies between 0.1 and 0.2 eV during most of the
condensation process; the average temperature,
0.13 eV, was used in estimating the decay time.

The simple kinetic theory agrees with the re-
sults of the hydrodynamic calculation. This is
probably because the condensation velocity
v, (~300 m s™! at T = 0.13eV) is considerably
less than the sound speed (~1000 m s 1), so that
condensation is the rate-determining step. This
agreement is useful in that it permits relatively
simple estimates of the condensation time to be
made.

To reduce the pressure to 107! to 1072 Torr at
a temperature of 0.15 eV requires a number den-
sity below 2 x 10% to 2 x 10 m~3, The initial
number density is about 2 x 102 m 3, so a reduc-
tion in density by a factor of 100 to 1000 is re-
quired. This gives a maximum condensation time

t. = In(1000)7 ~ 6.97.

The decay times for the materials considered here
are about 4 x 10-3s, so a reasonable lower
bound to the condensation time is about 0.025 s.
This is well within the required 0.1 to 15, so in
subsequent sections 1 examéine effects that may in-
crease the condensation time.

3. Dissociation Equilibria and Kinetics

An important consideration in selecting a
first-wall material is the chemical and ionization
states of the vaporized gases, since the subsequent
recondensation processes can be greatly altered
by changes in chemical and, to a lesser extent,
ionization states.

Vaporization of first-wall materials such as
BeQO and SiC will give rise to partially dissociated
gases. With the possible exception of carbon va-
por, these dissociated gases (Be + 1/2 O, and
Si + C) will not recondense onto the walls under
the conditions found in Cascade. This can be de-
duced from thermodynamic considerations alone.

The wall temperature in' Cascade is about 1600 to
2200 K; the correspondimg vapor pressures of be-
ryllium and silicx are abwst 10 to 100 Torr, and
O, is, of caqurse, dbove W8 eeitical point. All these
vapor pressures-pre well; ghove the maximum
laser-firing presggre of ‘0.1 Torr, and it would
therefore be necespary;te pmmp gas out. However,
the maximum pygnping;appicity of the Cascade
system is about J0° L.¢~ % pt.a final pressure of
0.1 Torr and a te 11600 K, this corre-
sponds to the pi §.-of about 102 gram-
moles (ie., less fham Lol dissociated gas per
pulse, for a repetifion ratedf 10 Hz. In this section
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Figure 3. Average density in the Cascade chamber at various times during condensation (data
points), as given by the CONRAD simulation.’ After about 2 x 10~%s (thitd dataipoint), the tempera-
ture in the zone next to the wall fluctuates between 0.1 and 0.2 eV, as the shock: waves bounce back
and forth. The average of these temperatures, T = 0.13 eV, is used in the kineti-theory calculation
described in the text. The resulting decay time ¢ = 3.7 x 10 3s is the slope of the solid line.

we examine the dissociation equilibria and kinet-
ics of these gases, to estimate the quantity of
incondensible dissociated gas produced by each
pulse.

Shortly after the deposition of x-ray and pel-
let debris energy, the gas is at a very high density
and temperature; the density is close to that of the
solid, and the internal energy, before dissociation
and ionization, is tens of eV per molecule. If we
consider the dissociation equilibrium

(1 - @)AB < @A + aB,

which could represent either chemical dissociation
or ionization, then the degree of dissociation is in-
hibited by the high density of the gas just after
vaporization. The expression for @ is of the form

@ « p~"exp(-Dy/kT),

where Dj is the dissaciation energy and # is not
necessarily an integer. As the gas expands into the
chamber, the reductidin in density by several or-
ders of magnitude fast outweighs the effect of the
changing temperaturé, whidh is still of the order
of the dissociation eniergy, b 'that dissociation in-
creases as the'gas expands. Dissociation probably
redches a mab&ﬁmumﬂ?romrﬂ the time that con-
densation begins. Afifer this the cooling in the
chamber may dominiite the continued reduction
in density through ctinderidation, resulting in re-
duced dissociation.

The temperature in the chamber during con-
densation is largely fixed by radiation transport.
Initially, the specific energy per molecule is about



20 to 40eV, so that the dissociation energies,
which are about 5 eV, are only a small fraction of
the total energy available. The remaining energy
goes into ionization, thermal energy (tempera-
ture), and kinetic energy. A substantial fraction of
the total energy is lost by radiation transport, as
the gas converges on the center of the chamber.
Since the radiation transport mechanism has a
sharp cutoff around 0.5 eV,! this will essentially
fix the temperature of the stagnant gas at the be-
ginning of condensation between 0.5 and 1.0 eV.
In later sections, the equilibrium degree of
dissociation is estimated for BeO and SiC under
conditions approximating those found initially
and at the beginning and end of condensation.
The kinetics of the dissociation and recombination
processes are then considered to arrive at a rea-
sonable estimate of the chemical state of BeO and
SiC during condensation.

A. Dissociation Equilibria of
BeO and SiC

We consider the equilibrium
AB—~ A + B,

where B represents either an atom or a molecule
(i.e., 1/2 B,). The partition function for the mixture

is?

(4a8) " (9a)"* (9)

Q= (Nagl (Na) (Ng)

where for an ideal gas the single-molecule parti-
tion functions g are functions of V and T only.
Introducing the degree of dissociation @, we have

Nap = No(1 - @),
NA = Noa,
Ng = jNoa,

where j = 1/2 if B is molecular (ie., B = 1/2 B,)
and j = 1 otherwise. Since the total volume is
fixed, we can calculate the degree of dissociation
as a function of temperature and mass density (or,
equivalently, of Ng) by minimizing:the Helmholtz
free energy F = - kT In Q with respect to &: we
find

a(ja) Gadh

1-a g,,N}

The single-molecule partition functions are prod-
ucts of electronic and translational partition func-
tions, and (in the case of diatomic molecules) of
rotational and vibrations ones as well: that is,

4 = GelecqtransTrotdvib -

If the molecules are in their electronic ground
states, with energy E and degeneracy g, then*

Jelec = & exp[_(E + %hv)/ijI,

2amkT\3/2
qtrans = ( hz > V’

_ 8 IkT
rot O'shz

7

kT
Jvip hv ’

where | is the moment of inertia, o, is the rota-
tional symmetry number (2 for homonuclear
diatomics and 1 for heteronuclear diatomics), and
v is the vibrational frequency. For a diatomic mol-
ecule I = ur?, where u = mym,/(m, + m,) is the
reduced mass and r, is the equilibrium separation.
The contribution of the zero-point motion has
been included in the electronic partition function
because this contribution is incorporated in the
usual definition of the spectroscopic dissociation
energy,

1

Thus

o f 1
@’ _ SAgB‘ exp (— D/KT) qA?B ’
1 -« gA:BN(]) qan

where the partitior} function q° contain only trans-
lational, rotational; and vibrational contributions.



For future reference we calculate various par-
tition functions at a reference state in which T; =
leV:

2nmpkro)3/2 y

(Go)trans = ( 7

=24 x 1022V (V inm?),

872 Myt 2kT, ,
(qo)rot = T =48 x 10 P

(qo)vib = h_vo = 8.1,

where m, is the proton mass, r, = 10" %m, I, =
morg, and vy = 1000 cm™! = 3 x 10" s~ The
partition functions for the electronic ground states
of BeO, SiC, and O, have been calculated and are
given in Table 1.

The equilibrium degrees of dissociation of

BeO,

a’”? (To)m ( po)l/Z
=87 x 18| =) (= -20TyT
T a P T > exp ( o/T)

and of SiC,

2 T \172
¥ _22x 106( TO) (‘;") exp (- 4.6Ty/T).

1 -a
@

Table 1. The partition functions of BeO, SiC,
and O, are shown, using the spectroscopic data
of Ref. 5, which is an expansion and update of
Ref 6. In the row labeled g, the electronic de-
generacy of the molecular state is shown fol-
lowed by the degeneracy of the constituent at-
oms. All partition functions are evaluated at a
reference temperature of 1 eV,

BeO SiC 0,
D, (eV) . 4.6 4.6 5.1
re (A) 1.3 1.8 1.2
viem™}) 1500 1000 1600
g 1,13 3,33 3,33
Fans’V (m ) 3.0 x 10* 6.1 x 10* 1.5 x 10%
Frot 47 x 10 1.3 x 10 2.8 x 10°
Tuip 5.4 8.1 5.1

q'/V(m 7.6 x 10% 6.4 x 10% 2.1 x 10%

are shown in Table 2 at the density of the material
at vaporization (p = 6 x 10°p, = 3 x 10°kg
m ~3), the beginning of condensation (p = p, =
5 x 10~ 3kg m~3), and at the end of condensation
(p = 1073p, = 5 x 10~ %kg m ). Representative
temperatures are shown at each density. The for-
mulas for the degrees of dissociation are derived
from the partition functions in Table 1.

The results in Table 2 show that material is
vaporized with a significant amount of dissociation.
Thermodynamically, dissociation increases during
blowoff, because of the rapid decrease in density,
but this is gradually compensated for by the cooling
in the chamber, so that the degree of dissociation
eventually becomes small. This is shown qualita-
tively in Fig. 4, curve A. However, because of the
generally low gas density, both dissociation and re-
combination may be kinetically inhibited, as shown
in curves B, C, and D. In Secs. 3(B), (C), and (D) we
show that dissociation is in fact uninhibited, while
recombination is basically prevented, so that curve
B illustrates the situation to be expected in Cascade,
with the degree of dissociation remaining high.

Table 2. Dissociatign eqmiMbria of BeO and
SiC. The degrbes of Sij{iillilitn o of BeO and
SiC are calcuthted frook’ s

mechanics, using an ideal~gas equation of state.
The required partition functions are taken from
Table 1. Thred denn ies hg* been used, cor-

responding r ly b |M of newly vaporized
material (p = ; fhat of the same
material di ¢ iit-the chamber,

whiich is an i aﬂ on «f“ ¢ ditnation when
blowoff ends and ) begins(p =5x
107> kg m~%; and thht at @end of condensa-
tion (p = 5 x 10" kg m~ ). Phse two tempera-
tures shown for each de ‘are estimates of
the lowest and highept 'emperatures at
these states. Only jn the innl state is the
dissociation state rejily sengitive to tempera-
ture, varying from 0 to 1 over a plausible range
of temperature.

P T
(ks m- 3) (.v) a-go aSiC
3 x 10° 1.0 . 0.2 0.2
3 x 10° 40 04 0.5
5x10°° 0.5 , 1.’2 1.0
5x 107 1.0 10 1.0
5x 10°° 0.1 0 0.0
5x 10°¢ 0.5 1.0 1.0
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Figure 4. Degree of dissociation of diatomic molecules in Cascade. This sketch indicates in a quali-
tative way the possible time history of the degree of dissociation. In curve A the kinetics of
dissociation and recombination are considered to be instantaneous, so that the equilibrium curve is
followed. Curve B represents the situation actually found in Cascade: rapid dissociation kinetics and
slow recombination kinetics. th've C shows the reverse situation, slow dissotiation and rapid re-
combination. In curve D, both dissociation and recombination are slow.

B. Chemical Reaction Rates and
Collision Rates

We are interested in the kinetics of the
dissociation reaction

AB+ X—A +B+ X
and the subsequent recombination
A+B+ X—AB + X,

where X can be any species AB, A, or B. These
reactions are discussed, for example, in Ch.9 of
Ref. 7, and only a simplified discussion suitable
for rough estimates is given here, We ignore the
quantitative distinctions between B and 1/2 B,,
and assume that dissociation products are all
atomic.

The kinetics of the dissociation reaction are
described by the equation

dnag
dt

= —kd exp(—Ed/kT) nABVZI

where v, is the rate at which a particular AB mole-
cule collides with any spe¢cies X and where we
assume that collisions with any species are
equally effective in causing dissociation. The colli-
sion rate v, is proportional to the total number
density, n,5 + 15 + ng. The exponential factor
represents the probability that the colliding pair
has enough energy to overcome the activation
barrier to dissociation. We assume that this is
equal to the dissociation ¢nergy. The remaining
factor k, reflects the fact that not all collisions of
appropriate energy result in dissociation. For con-
venience we refer all calculations to a standard



R,

state in which the material, assumed to be undis-
sociated, is uniformly distributed throughout the
chamber, with a mass density p, = 5 x 10 %kg
m~3. Thus an equation for the kinetics of
dissociation is

@ = kyexp (- Ey/kT) 1 - a? (P/po) Vs,

where a is the degree of dissociation and vJ is the
two-body collision rate at the reference density p,.

Similarly for the recombination reaction,
which is assumed not to have an activation
barrier,

@ = -ka’(l + & (p/p)V5.

where v is the rate of collision at density p, of a
“’quasi molecule” (that is, two atoms in close con-
tact) with another atom. At equilibrium, the
dissociation and recombination rates must be
equal, and thus we have for the equilibrium de-
gree of dissociation

0
a? kava

(Po/p) exp (- E4/KT),

/
an expression similar to Eq. (2)/ found earlier for
SiC from equilibrium considerations alone.

The two-body collision rate can be estimated
from the volume AV swept out in time At by a
molecule traveling at a speed v equal to the ther-
mal velocity (kT/m)'?, ie.,

1-a

=
S

T

AV = nov At,

where o is the collision diameter.
The collision rate v is then approximately
(N AV)/(V A, ie.,

0 _
v, = unyo,,

where 1, = py/m is the reference number density
and o, = 7m0’ is the collision cross section.

Pairs of atoms come together for a short time
~ &/v.every mean collision time (v9)~; thus the
fraction of atom pairs in close enough contact for

chemical reaction is ov}/v = nn,o>. The refer-
ence three-body collision frequency is therefore

0 _ 3
v] = anyoh.

The thermal velocity at T, = 0.5 eV is about
10°m s~!. A typical collision cross section for a

chemical reaction is about 10 "' m?, and the num-
ber density is about 102 m ~>. Thus

vy~ 10" t0 108571,

v ~10to 100s7 !,

I

C. Dissociation Kinetics Before
Condensation

During b'lowoff, which occurs during the first
millisecond, the rapidly decreasing density drives
the chemical equilibrium towards increased
dissociation. In this section we examine the kinet-
ics of this process. We assume that during blowoff
the gas front advances at a constant speed v, =
R/t;, where t; is the time at which the gas first
converges on the center of the chamber. Then

IMo(R - vt
47m[R® - (R - vst)3]2'

n=p/ms=

The kinetics of the collision-induced dissociation
reaction, AB + X— A + B + X, where X = A, B,
or AB, is given by’ [see Sec. 3(B)]

fla = flg = —flp = kdnAB(nA + ng + nAB)
x exp (—E4/kT) Vi/ny,

where we have assumed that the activation en-
ergy for dissociation is the same as the
dissociation energy E;. The two-body collision
frequency v 9 evaluated for undissociated gas at
the reference state p, = 5 x 1073 kg m™3 T =
0.5 eV, was calculated in Sec. 3(B). In terms of the
reduced variables x = p/p,, @ = n,/n, we have

30, R(R - v t)
R® - (R - vty

X = (p/py) = —[

=31 - )
1 - (1 - PP

& = kg8 exp( - Eo/kT)(1 - a)x.

The mass density p(f) has a maximum value of
about 3 x 10° kg m 3, about 10° times the uni-
form reference density of about 5 x 1073 kg m .
The divergence of p(f) at t = 0 is most easily



taken care of by setting the starting time t, =
10~ %,: then our equation for @ is

l+a l+taea

1-a

s Q(r)

1- a

dt’
1 - ¥/

Q(t) = kyV exp(—E4/kT) Jt[l By

1
=3 kyV3ty exp (- Eq/kT)in (t/t),

where & is the degree of dissociation of the newly
vaporized material. Thus by the time #,, when the
gas has first converged on the center of the cham-
ber, the degree of dissociation & is given by

l+a 1+a,q
l-a 1-@
where

The gas conver§es on the center of the chamber in
about 2 x 10~*s, and using an estimate of vJ of
5 x 107 s, we find Qy = 10° exp( - Eo/kT). Thus
dissociation is kinetically uninhibited if E; <
10kT. The temperature in the chamber is generally
several eV during blowoff and is always at least
0.5 eV. Thus dissociation is in general uninhibited;
for example, both BeO and SiC have dissociation
energies of 4.6 eV. In these cases the value of Q,
(for vi = 5 x 107s7!, T = 0.5 eV) is about 10, so
that (at the beginning of condensation) dis-
sociation is essentially complete (i.e., @, = 1), re-
gardless of the starting dissociation a.

D. Recombination Rates During
Condensation

We consider the beginning of condensation
as a starting point, and assume that the gas is uni-
form and stationary, with density p, = My/V,
where M, is the mass of material vaporized and V
is the chamber volume. The two- and three-body
collision frequencies (that is, the rates at which an
atom or molecule undergoes collisions with one or
two other particles) can be calculated from kinetic
theory,” as shown in Sec. 3(B).

The recombination reaction involves three-
body collisions, A + B + X, where X = A, B, or
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AB; the kinetics of such collisions can be de-
scribed by the rate equations

. 07,2
iy = ftg = ~knang(ny + ng + nap)Va/ng,

"AB
2
flag = -t kinang(n, + ng + nap)Vy/ng,

where n, = py/m is the number density of AB
molecules in the absence of dissociation and be-
fore recondensation, and k, is a steric factor that
accounts for the fact that not all collisions result in
recombination. The first term in the second equa--
tion describes the condensation of AB molecules;
we assume that A and B are volatile and do not
condense. Combining these equations, we find
that

. 3

= —kvia 1 + a(p/pe)?. (@)

Equation (3) describes the rate of mass condensa-
tion, which is proportional to the number of AB
molecules; when @ = 1, there are no AB mole-
cules and condensation stops. The degree of
dissociation is driven upwards by the condensa-
tion, which in the absence of recombination in-
creases the proportion of dissociated species. If
kvt < 1, then recombination is essentially fro-
zen during condensation and the condensation is
incomplete:

M(t) = Mo[a, + (1 - ag)e™ "7,

@ - @ er/r.
l-a 1-a

The degree of dissociation rises from its initial
value a; to unity, whitreupoh condensation stops.
The uncondensed malss remaining in the chamber
is @M,. Since vJr is estimated to be of the order of

1072 to 107!, this case is probably the appropriate
one, espeaally if k, is much less than urity. 1f re-

combination is frozen at the j ‘of con-
densation, the degree of dissociatidit must be very
small, i.e., less than 1074 or else unacceptably

large amounts of mcondnnsible ‘dissociated gas
will be produced.

Another case that t be important is the
one in which recon‘i!biml on and condensation
initially proceed at about the same rate; i.e., when



= L

B

kvt ~ 1. If the degree of dissociation is initially
small, i.e, if @; < 1, then this case of course re-
duces to the one described above. We consider
specifically the case in which k,vit = 1. The cubic
term in @ in Eq. (4) is qualitatively unimportant,
since & is always less than unity. It reflects only
small changes in the number of third bodies X in
the A + B + X collision and will be ignored. Thus
the equations become

r= - x,
T

ol - @) - &%
. .

The equation for & can be rewritten more instruc-
tively as

d ( @ ) 1 - a%x?
—In = .
dt 1 -« T

When a%r? < 1, recombination is unimportant,
and the degree of dissociation rises as the molecu-
lar material condenses, so that the mass of dissoci-
ated species is constant. Therefore, even if k VT is
of order unity, recombination is important only if
the initial dissociation is high. We consider the
case for which a; = 1, so that ¥ = 0 initially. Ig-
noring condensation, we have

dl( @ )=1—a/2
at \1-a T

or

a _ @ T
(1-2a) (1-2a,)
that is,

@ = er/r
2¢ - 1

for @y = 1, so that in a time of the order 7, @ has
decreased to close to a fixed value of 0.5. Con-
densation begins as @ drops, so that after a time 7,
the recombination rate @ is close to the maximum
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of 0577, as against a rate of 7!, which is ob-

tained when there is no dissociation. At the begin-
ning of condensation, @ is roughly constant, but
as x decreases recombination slows and & begins
to increase again. After about 2 to 37, x has
dropped to about 0.3, so that ¥* ~ 0.1. Recom-
bination becomes negligible, and the amount of
dissociated material becomes fixed. Thus the
amount of incondensible material is about axM,,
i.e., about 15% of the initially vaporized material,
or 150 g.

Thus a small initial degree of dissociation is
essentially frozen, even if k,v37 ~ 1. With a high
degree of dissociation, some recombination could
possibly take place, but about 100 g of dissociated
material would remain after each pulse. Only if
k,v3T > 1 could enough recombination occur to
satisfy the driver-firing conditions, and this can-
not occur under the conditions found in Cascade
during condensation because the density is much
too low.

E. Dissociation of BeO and
SiC in Cascade

We have shown that, under the conditions
found in Cascade, dissociation during blowoff is
kinetically uninhibited and the gas reaches the
equilibrium prediction of comgplete dissociation by
the time condensation begins. Recombination of
the gas as the chamber coels is kinetically inhib-
ited, so that the degree of dissociation remains
high, as illustrated in Fig. 4, curve B. Since the dis-
sociated species (Be and O,, or Si and C) are, with
the exception of carbon, in the vapor state at the
low pressures found durmg most of the condensa-
tion process, BeO and SiC gre unsuitable as first-
wall materials. Even if the Z@soaated materials
are nonvolatile, the condew.li on of, say, carbon
vapor on a noncomniensumth surface such as SiC
is not likely to be r4p1d "Phus diatomic or poly-
atomic materials would, in geseral, not be suitable
as first-wall materials in Cascade. In subsequent
sections, we examine the fecondensation of car-
bon, which seems a more promising first-wall
material.



4. Carbon Condensation

A. Dissociation Equilibrium of
Carbon Vapor

The dissociation equilibrium of carbon is
quite complex; at pressures above 1 atm, the gas
exists as a mixture of carbon chains C,, where n
varies from 1 to about 7 (Ref. 8). The composition
of carbon vapor over solid or liquid carbon is de-
scribed in Ref. 8. At low enough pressure the
monatomic form C; is dominant; the next most
important species is C;, rather than C,, because
of the anomalous stability of C;. For simplicity
we examine the C, < C; equilibrium, i.e,,

(1 - (l)C3 hid 3C¥C .
Using the methods described in the previous sec-

tion, we find an expression for the degree of
dissociation of the form

a® AYS!
1 a“(ﬁo) Fexp(—Do/kT)

Assuming an ideal-gas equation of state,
pV = NKT = Ny(1 + 2a)T = p,V(1 + 2a),
we find

3
e ar)zll Taar AP P (- Do),

where the value of the constant A depends on the
partition functions of C; and C;. We have calcu-
lated @ from the relative fractions of C; and C,
from the data of Leider, Krikorian, and Yourlg,s as
a function of temperature along the saturated va-
por curve. In Fig. 5, we plot

a’ 2

Inb=In
1- a0+ 2a°

against 1/T. The data® fall on a straight line cor-
responding to a dissociation energy of 13.9 eV, in
reasonable agreement with the experimental
value® of 13.2 eV, verifying our approximate ex-
pression for @. The constant A is about 6 x 10'? if
p is in atmospheres. In Table 3 we give the degree
of dissociation for carbon, based on the formula
above, for the same states shown for BeO and SiC
in Table 2.
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The dissociation equilibrium of carbom fol-
lows trends similar to those described for BeO and
SiC. The recombination of C; to C;, going via C,
molecules, is much more complex than the recom-
bination of BeO, so that kvt < 1. Thus the
dissociation state at the beginning of condensa-
tion is likely to be completely frozen, with no re-
combination. taking place. Dissociation of the
triatomic vapor proceeds in two steps,

C3—"C2 + C,
Cz—'ZC,

with a dissociation energy of about 6.5 eV for each
step, so that dissociatiom is not likely to be
kinetically inhibited, if the chamber temperature
is greater than about 0.7 eV,

B. Ionization Equilibrium and
Kinetics

Since a highly .ionized; gas may hinder con-
densation, we must considgr the ionization equi-
librium and the rate of ibm-electron recombina-
tion. The collision diameter o of a Coulomb
system can be estimated by equating the potential
energy ¢?/r of the colliding pair with the thermal
energy kT, so that ¢ is given by

o ~ e*/kT;

Table 3. Dissociation «rwﬁ,ﬁa (indicated by
a) of carbon. The degrees bf dissociation of car-
bon at the same sfates comgidered in Table 2 are

shown. The degrides of ‘”i‘; e

lated from the dath of Réf)B/by using the appro-
priate pressure cofrectiol||dedcribed in the text.
The pressure calfnlated’ k" # does not include
dissociation, so llf@l:yﬂ 0 m e expression for b
is simply b = @’ -a
» T oy

(kg m™?) (eV) T L a
3 x 10° 10 fad x 108 0.0
3 x 10° 4.0 98 x 10° 05
5x 1073 oS ‘0.2 1.0
5x 1077 1.0 04 1.0
5x 107¢ 01 4 x 1078 0.0
5x 10°° 0.5 20 x 1071 1.0
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Figure 5. Theoretical and experimental degrees of dissociation of carbon. Theoretical consider-
ations described in the text indicate that the degree of dissociation a in the C; — B C; equilibrium, at
the saturated vapor pressure, obeys bp* = exp(-Dy/kT), where D, = 13.3 eV is the dissociation
energy of C,; the function b is defined in the text. The filled circles are the data'of Ref. 8. The slope
of the straight-line fit corresponds to a dissociation energy of 13.9 eV, in reasonable agreement with
D,. Thus we expect that the simple 1/p? pressure correction described in the text will yield a good

description of the dissociation of carbon in Cascade.

at a temperature of 0.5eV, o is approximately
30 A, or about 10 times the collision diameter of
chemically reacting species. Since the three-body
collision frequency is proportional to ©°, ion-
electron recombination will be at least 10° times
faster than chemical recombination. Ion-electron
recombination occurs predominantly through ion-
electron-electron collisions, and the appropriate
three-body collision frequency is

nz(g—,):) (:TT)UZ a’nt= - @,

or
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This is a well-known form for the ion recombina-
tion rate equation.’ The constant A can be calcu-
lated from quantum mechanics,” with the result
that A~ 10"2s~if n is in m~? and T is in kel-
vins. Thus we find for carbon, at the beginning of
condensation (with p = 5 x 1073 kg 2 and T =
0.5 eV),

d= —V3a’2,

An® 10.-1
V= —>=10"s"".
T9/2

It is noteworthy that v; increases rapidly as the
gas cools because of the increasing collision cross
section. Thus we can assumie that the gas is al-
ways in ionization equilibrium.



s

In considering ionization equilibria, we as-
sume that g5 = gap i.e., that the ion and neutral-
molecule partition functions are the same. Then,
since the electron-gas ground state is doubly de-
generate, the degree of ionization is given by

2

a 2
T No — exp (- IP/kT) 48 s »

where IP is the ionization potential and g;,, is
the translational partition function of an electron.
For monatomic carbon vapor at the beginning of
condensation (p = p, = 5 x 1073 kg m™3),

aZ

1-a

=24 x 104 TJ/ZE'II'Z/T,

where T is ineV, so that a =~ 107> at T = 0.5eV.
This means that we can neglect the effects of ion-
ization during condensation and assume that the
gas is neutral.

C. Condensation Coefficients and
Incondensible Gases

The condensation coefficient B, defined as
the probability that a gas molecule will stick to a
solid surface as a result of collision with it, gives a
simplified, macroscopic description of the com-
plex processes involved in collisions between gas
molecules and solid surfaces. Theoretical consid-
erations of the transfer of energy away from the
surface by phonons exited by the impact of a gas
molecule lead one to expect a condensation coef-
ficient of unity, for a cold solid surface, unless the
energy of the incident molecule is greater than
about twice the latent heat of sublimation,'

10 to 15 eV per molecule. This has been verified
experimentally for several metallic vapors con-
densing on their own solid phase.!!

Carbon is an exception, however. The reflec-
tion coefficients (1 — ) of C; and C, vafor have
been measured directly by Chupka et al,!! and the
closely related evaporation coefficients have been
measured in a Knudsen cell.’? In Ref. 11, the con-
densation coefficients B8, and 8, of C, and C; va-
por were found to be

Bl = 0.4 + 0.2, ﬁa = 0.1 +

B

02 for T = 2300K,

0.70 + 0.15, B, = -0.1 + 02for T = 800K,

where T is the solid-surface temperature. When
the gas and solid are in thermal and mechanical
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equilibrium, as in a Knudsen cell, the evaporation
and condensation coefficients are the same!?; at
T = 2450 K, these coefficients are 0.37, 0.34, and
0.08 for C;, C,, and C,, respectively,'> which is
consistent with the measurements of 8 at 2300 K.
The condensation coefficient for C; at 1600 K is
likely to be about 0.5, and that of C; is essentially
zero, so a high degree of dissociation is necessary
for effective recondensation of carbon at this tem-
perature. Our calculations show that this is the
case.

The rate of condensation of a gas onto a con-
densed phase can be greatly reduced by the pres-
ence of incondensible gases.* The reduction de-
pends on the relative density of incondensible and
condensible gases and on the relative molecular
masses; high densities of high-mass incondensibles
cause the greatest reductions in condensation rate.®
Since the incondensible gases, mainly He, DT, and
T,, must be pumped out, the permissible production
rate of incondensible gas is limited by the pumping
capabilities of the Cascade system to less than 0.01
gram-moles per pulse.’® The condensible-gas den-
sity is limited only by the laser firing pressure of
10! to 102 Torr, a pressure that corresponds to at
least 0.1 gram-moles of uncondensed material. Thus
the incondensible-gas density can never be more
than 10% of the condensible-gas density, even at

* the end of the condensation process. Numerical cal-

culations'® based oni ap approximate solution of the
#é¢ that these small frac-
tions of light incontlensiBié gases will not reduce the
condensation rate by more than 10%, so we ignore
this effect in our calculations.

D. Condensation in a Porous Bed

The use of a bon t layer over a BeO bed
N it r) requires that little

(used as a

carbon vap r hogg P8 Arate to the BeO; other-
wise, large pmpur ;‘al i den51b1e CO gas will
be producqd.”® CRiculatiofis® show that for a

pumping § 10° L s~ !, about 0.01 g of car-
bon per shgt can ¥e allowed through the bed. An
increase in 'pumplihg'speed increases the amount
of carbon vapor that can- penetrate the first layer,
and vice versa. A’ conservitive allowance would
be 1 mg per pulse, which indicates that only one
atom in 10® can penetratejthe blanket, assuming
that 1 kg is vaporied initidlly. For a condensation
coefficient B, the probability of an atom not con-
densing after n_ cilisions i (1 - P For B = 0.5,
this means that a particle Miust experience at least
20 collisions to have a prdbability less than 10°°



of escaping the bed. The mean free path for a bed
with a packing fraction n = 0.5 is given by

[ = Vi _ 21 - n p
N (d/2P 3n

2d
3 ’

where V; = V(1-1n) is the free volume, d is the
diameter of the spheres, and N, is the number of
spheres in the volume V. Thus the depth of the
bed must be greater than

h = nl/3"? ~ 8d.

The factor 1/3!/2 enters because the distance trav-
eled through the bed in the z direction is that frac-
tion of the total distance traveled. This depth is
within the current design of the Cascade first wall,
which comprises 10 layers. In this case the frac-
tion of molecules getting through is about 1 in 10%,
a negligible fraction. These results imply that only
a small amount of the bed is in contact with the
carbon gas. After two layers, the density of a sta-
tionary gas would be ~0.03, of the density just
outside the bed. Clearly this continuous modeling
is not accurate over such short distances as two
layers; in addition, the gas will be moving. But it is
clear that only one or two layers will be in signifi-
cant contact with the condensing gas.

A gas molecule that enters the porous bed is
rapidly condensed or reflected back into the gas.
The typical thermal velocity of the molecules is
about 10° m s, and the diameter of the spheres
making up the porous bed is 10 % m; thus the col-
lision frequency of gas molecules with the bed is
about 10° Hz (since ! = 2d/3). We can therefore
treat the bed as a partially absorbing wall, whose
effective condensation coefficient B, is given by
the probability that a gas molecule that enters the

(a) (b) (c)

Figure 6. Condensation in a porous bed. Several possible condqsatiov""-iam&,z ’
Condensation after one collision. b.. Reflection into

are shown: a.

(d)

bed never returns to the surface. Possible con-
densing and noncondensing trajectories are
shown in Fig. 6. Although B, can be calculated as
a function of B by numerical simulation, we make
simple estimates of 8., taking f to be the value
for monatomic carbon vapor at 1600K, ie., f =
0.5.

A gas molecule entering the bed has a prob-
ability B of condensing on its first collision. As-
suming that the scattering of the reflected mole-
cules is isotropic (as it is, for example, for rigid
spheres), then half the reflected molecules, or a
fraction (1 - f)/2 of the originally incident mole-
cules, are reflected back into the gas and the same
fraction continue into the bed. Of those that con-
tinue into the bed, a fraction # are condensed on
their first subsequent collision, so that a fraction
B ~ B)/2 of the originally incident molecules
are condensed on the second collision, etc. If we
assume that any molecule reflected upwards es-
capes into the gas, we obtain a lower bound on
the condensation coefficient:

Bus = B+ B(1 - B2

2p

+ Bl - B2f + .. = T+ 5

Thus for small condensation coefficients a porous
bed has an effective condensation coefficient al-
most double that of a plame wall; for § = 0.5,
Bets =~ 0.67. Of course, molecules that undergo a
few collisions begin to penetrate the bed, so that
reflection upwards does not necessarily mean that
they escape into the gas. This is a small effect, so
that a reasonable estimate of the condensation co-
efficient of monatomic carbon vapor on a graphite
bed is 0.7.

(e)

(f)

plion trajectories
gr one collision.

e g

¢,d. Condensation after multiple collisions. ¢, f. Reflection into the gap after nliiﬂltiple collisions.
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E. Condensation Times for Carbon
Vapor and Chamber Cooling

Using the effective condensation coefficient
Be = 0.7 for a porous bed of carbon granules just
found and the kinetic theory described in Sec. 2,
we can estimate the condensation time t_of the
chamber for a carbon first wall. Assuming that the
density must be decreased by a factor of 10°, we
have

t. = In(1000)7 = 697,

1/2
= 0085 "R

ms
1/2 ’
effT

where m is the dimensionless molecular weight
(i.e, m = 12 for carbon), R is the chamber radius
in meters, and T is the temperature in eV. For Cas-
cade, with R = 4mand T = 0.2eV, we find 7 =
3.8ms and t. = 26 ms, well within the required
time of 100 to 200 ms.

In our calculation of condensation [Eq. (1)]
we considered only the mass flux leaving the sys-
tem. However, the average energy of the condens-
ing atoms is 2kT, as against an average energy of
3/2kT in the bulk gas. This is because the more
energetic particles condense more quickly, leaving
behind a colder gas. The energy flux carried by
the condensing particles is analogous to that given
by Eg. (1) for the mass flux,

jdvlj dvzj dv, nf (v,

0

1 kT \172
[Em(v% + v+ vg)] = "(ﬁ) 2T .

The energy E, of the reflected molecules can be
described in terms of the thermal accommodation
coefficient’ q,:

E = (1~ @)(2kT) + o,(2KT,),

where T, is the wall temperature. Thus the net
energy flux leaving the system is

"(_21;%)1/2 [zﬁerT + 2(1 - ﬁeﬂ’)atk(T _ Tw)]-

Let us first examine the case in which there is no
thermal accommodation (i.e., @, = 0) and the
noncondensing molecules are elastically reflected.

16

This leads to two coupled equations for the den-
sity and temperature,

A 12
p= r(T/TO) [

_4
37

T = (T3/T0)1/2 ,

where
kT,

. ( )1/2
T =3
p 2rmR?

is the 7 defined in Sec. 2. These equations can be
solved to give

pit) = po(1 + 2t/37)732,

T(t) = Ty(1 + 2t/37)72. (5)

This is a much slower decay than was found
when chamber cooling was ignored, and for the
same final density, i.e., 10~ 3p,, we find for carbon
(t = 3.8ms)

E(102 - 1) = 560 ms.

t. =

N

This condensation time is not acceptable from a
practical point of view. However, the final tem-
perature is predicted to be only 0.2K: clearly,
mechanisms for putting energy back into the
chamber are important. It is worth noting that
even at the final density (10~ 3p;) and temperature
(107*Ty), the collision frequency is about 100 Hz,
so the gas is still in a near-local equilibrium state.

If we have a degree of thermal accommoda-
tion @, then the minimum temperature in the
chamber is given by

Tw
T. . =

™1+ B/a (1 - Bu)]

At this point the energy loss per molecule due to
condensation is balanced by the energy gained
from thermal accommodation with the surface. If
the reflected carbon atoms are completely ther-
mally accommodated (i.e., if @, = 1), and if By =
0.7 as estimated earlier, the minimum temperature
is (1 = BT, ie. about 0.3T,. It is interesting
that a lower condensatior ¢defficient may in fact
increase the condenshtion rate by providing a
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mechanism for putting energy back into the
chamber. If cooling is included, so that decay is
algebraic [as in Eq. (5)] until a minimum tempera-
ture of 0.3T, is reached, and if constant-
temperature exponential decay occurs thereafter,
we find, for T, = 0.2eV and T, = 0.15¢€V, and
for the same initial conditions described earlier,

t. =57+ 446 = 50ms.

These calculations indicate that although
chamber cooling could significantly reduce the
condensation rate (assuming that the gas tempera-
ture can be kept up to at least 10 to 50% of the
wall temperature), the effect would not be fatal.

5. Future Experiments

In this report I have discussed effects that
could reduce the condensation rate of vapors in
the Cascade reactor from the acceptable value ob-
tained by simple kinetic-theory calculations. I
have shown that molecular first-wall materials are
generally inappropriate because of the slow
chemical recombination under the conditions
found in Cascade. The estimates made here indi-
cate that carbon is probably a suitable first-wall
material, at least from the condensation stand-
point. The calculations described here are consid-
erable simplifications of a complex system, and it
is therefore desirable to provide some experimen-
tal tests. A possible experiment is outlined below.

The spherical chamber (Fig. 7) has ports for
the laser driver and diagnostics for measurement
of temperature and pressure. In the center of the

Laser
+ beam

Spherical
mirror

O

=

Diagnostics

rg COs 6 do

chamber is a relatively small spherical mirror. If a
laser beam of exactly the same diameter as the
mirror is focused on it, a nearly isotropic reflected
will beam result. There is, of course, a small
shadow region behind the mirror; the diagnostic
equipment could be protected from the laser beam
by placing it in this shadow. The inside of the
chamber wall is coated with carbon; by varying
the grain size of the powder, the effective surface
for condensation can be adjusted to simulate the
effect of a porous bed; the area should be about
1.5 times the flat-surface area. The chamber
should be as large as possible, because chemical
recombination times do not scale with the cham-
ber radius, while hydrodynamic times do. On the
other hand, the laser power available limits the
chamber size. Typical Q-switched laser pulses are

Portion of laser
beam

Spherical
mirror

Chamber
wall

Figure 7. A possible experimental test of condensation. The spherical chamber contains a small
spherical mirror illuminated by a single laser beam. The diagnostics to niea.sl;qe““l‘ temperature and
pressure can be placed in the shadow of the mirror to protect them from taser' irradiation. Details of
the reflected beam are shown in tHe second illustration. A small portion rycos 8 40! of the beam is
incident at a point on the mirror described by the polar angle 6. The reflected beam diverges and
occupies a region dy on the chamber wall described by the angle y.



about 40 to 50 ns long. Internal energies of mate-
rial vaporized by energy fluxes of up to 102 W
cm~2 have been reported.” Extrapolation of the
data in Fig.4.11 of Ref. 17 indicates that a peak
energy flux of about 10° W cm ™2 is required to
produce carbon ions of an appropriate energy
(10 eV per molecule, corresponding to 80 M]
kg~ "). The depth of material vaporized by a 40-ns
pulse is probably about 10~° m. The shorter pulse
from the Novette laser (~1 to 5 ns) will vaporize
less material and give it a higher energy. An ap-
propriate total mass of vaporized material could
be obtained by varying the chamber radius. In
Cascade we have about 1 kg per 200 m’, so if (for
example) 1 ym of material is vaporized, an appro-
priate chamber radius is about 1 m (since the den-
sity of solid carbon is about 2 x 10° kg m~3). A
somewhat smalier chamber will probably be used,

because less than 1 um will probably be vapor-
ized. Reduction in chamber radius by a factor of
10 from that of the real chamber will not critically
affect the chemical processes. The estimates of
dissociation rates obtained in Sec. 3(C) show that
if the chamber radius is about 0.1 m or less, the
gas may well converge on the center of the cham-
ber before carbon dissociation is complete, thus
hindering the subsequent recombination. Con-
densation times measured in such experiments
may be unrealistically long when scaled to the di-
mensions of .the Cascade chamber. The required
laser power is about 102 to 10°R* W, where R is
in meters, so that chamber radii less than 0.5 m
are within Novette’s power range. It would there-
fore seem that experiments along these lines are
plausible and should be investigated further.

6. Conclusions

The dissociation equilibria of three potential
first-wall materials (BeO, SiC, and C) have been
considered. Because of the low gas density, re-
combination essentially ceases after blowoff stops
and condensation begins. Dissociation, on the
other hand, is unhindered, and thus equilibrium
estimates at the beginning of condensation are
reasonable estimates of the degrees of dissociation
during condensation.

The dissociation of the diatomic gases BeO
and SiC was calculated from ideal-gas partition
functions; for carbon, the theoretical (1/p?) pres-
sure dependence of the degree of dissociation was
used to extrapolate the results of Leider et al.® to
low pressure. Only the monatomic and triatomic
forms of carbon, which are the dominant species
at low pressure, were considered. At temperatures
greater than 0.5 eV, all three materials were pre-
dicted to be completely dissociated at the begin-
ning of condensation.

The high degree of dissociation of the di-
atomic gases, together with the high volatility of
at least one of the constituent atoms (Be, O, or 5Si)
makes them unsuitable as first-wall materials.

It is worth noting that ionization equilibrium
is maintained down to very low pressures, be-
cause of the large collision cross section for ion
recombination. The Saha equation indicates that
the degree of ionization for carbon is about 0.001
at a temperature of 0.5 eV, so that we can assume
that a neutral vapor is present.

The experimental condensation coefficient for
monatomic carbon vapor condensing on a graph-
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ite surface at 1600 K is about 0.5. For the triatomic
vapor, this coefficient is less than 0.1. The con-
densation of carbon therefore is assisted by the
high degree of dissociation of the vapor.

The effective condensation coefficient might
be reduced by the buildup of incondensible gas
near the wall. Approximate solutions® of the
Boltzmann equation, however, indicate that this
will lead to less than a 10% reduction in the con-
densation rate. This is because of the low con-
centration (less than 10%) and the small mass of
the incondensible-gas molecules.

The use of a carbon first wall over a BeO
layer requires that little carbon vapor should pen-
etrate to the BeO:below, to avoid the production
of large amounts of incondensible CO gas.”® A
conservative allowance is 1mg of carbon per
pulse, which means that the probability of pene-
tration through thve bed must be 10 ~° or less, if the
mass vaporrized per pulse is 1 kg. For a condensa-
tion coefficient of 0.3, this probability corresponds
to at least 20 collisions during passage through the
bed. A kinetic-theory calculation of the mean free
path of a moleaule in the bed reveals that this
requires about ejght layers of carbon.

The rapid decrease in carbon-vapor density
through the bed makes it somewhat difficult to
calculate an effegctive condensation coefficient for
the bed. Howexz‘, since a molecule that enters the
bed condenses yery guickly (in less than 107°s),
the bed can be feated.gs an absorbing wall, with
an effective conglensation coefficient given by the
probability that a molecule that enters the bed




does not return to the bulk vapor. This problem is carbon are 0.03 to 0.05s, within the time con-

amenable to numerical simulation, but a simple straints set by Cascade’s 5- to 10-Hz repetition

estimate indicates that the condensation rate for a rate.

porous bed is about 50% greater than that for a An experiment to check these condensation

planar wall. The estimated condensation times for calculations has been proposed here.
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